The authors have succeeded in growing GaN 1−x As x alloys over a large composition range ͑0 Ͻ x Ͻ 0.8͒ by plasma-assisted molecular beam epitaxy. The enhanced incorporation of As was achieved by growing the films with high As 2 flux at low ͑as low as 100°C͒ growth temperatures, which is much below the normal GaN growth temperature range. Using x-ray and transmission electron microscopy, they found that the GaNAs alloys with high As content x Ͼ 0.17 are amorphous. Optical absorption measurements together with x-ray absorption and emission spectroscopy results reveal a continuous gradual decrease in band gap from ϳ3.4 to Ͻ1 eV with increasing As content. The energy gap reaches its minimum of ϳ0.8 eV at x ϳ 0.8. The composition dependence of the band gap of the crystalline GaN 1−x As x alloys follows the prediction of the band anticrossing model ͑BAC͒. However, our measured band gap of amorphous GaN 1−x As x with 0.3Ͻ x Ͻ 0.8 are larger than that predicted by BAC. The results seem to indicate that for this composition range the amorphous GaN 1−x As x alloys have short-range ordering that resembles random crystalline GaN 1−x As x alloys. They have demonstrated the possibility of the growth of amorphous GaN 1−x As x layers with variable As content on glass substrates. ͓͔
I. INTRODUCTION
The direct conversion of sunlight into hydrogen by photoelectrochemical ͑PEC͒ water splitting is one of the direct methods to transfer solar energy into a storable fuel. 1 PEC cells use photoactive electrodes immersed in an aqueous electrolyte or water. The choice of material for the photoanode is crucial for efficient hydrogen production using the PEC method. The photoanode material needs to be corrosion resistant for prolonged operation. The band gap of semiconductor materials used for photoanodes must be at least 2.0 eV ͑Ref. 1͒ but small enough to absorb most sunlight. In addition to choosing the correct band gap, the conduction and valence band edges must "straddle" the H + / H 2 and O 2 / H 2 O redox potentials so that spontaneous water splitting can occur. Gallium nitride ͑GaN͒ is a good candidate for this application since it has a band gap of ϳ3.4 eV, high mechanical hardness, and high chemical stability. 2 Moreover, the band gap of GaN can be adjusted and decreased due to strong negative bowing in the GaN-based solid solutions with group V elements. 3 Therefore, we suggest that the GaN 1−x As x material system is one of the most promising choices for the photoanodes.
Recently, it has been demonstrated that the electronic structure of the conduction or valence bands of alloys with anions of very different electronegativity can be well described by the band anticrossing ͑BAC͒ model. 4 Due to the substantial difference in the ionization energies of the As and N anions, the p states of the substitutional As atoms are resonant near the valence band edge of GaN, allowing them to interact strongly with the extended p states of the host. The interaction splits the valence band into a series of E + and E − subbands with dispersion relations that are dependent on the As concentration. 3, 4 As a result, this effectively reduces the band gap and pushes the valence band edge up toward the O 2 / H 2 O potential, while leaving the conduction band above the H + / H 2 potential. On the other hand, in the As-rich GaNAs alloys, the hybridization of the localized N s states with the GaAs extended s states gives a strong decrease in the conduction band edge. These two effects cause the large bowing across the entire composition range of the Ga-N-As ͒ alloy system resulting theoretically in an energy gap ranging from ϳ0.7 to 3.4 eV. 3 Therefore a GaNAs alloy with a band gap of ϳ2 eV can be an ideal photoelectrode provided the reduction in the band gap arises primarily from the movement of the valence band and such GaNAs alloys can be grown.
During past 15 years there has been considerable theoretical and experimental interest in As-doped GaN ͑see review 5 and references therein͒. A large miscibility gap was theoretically predicted and experimentally confirmed for the Ga-N-As system. GaN 1−x As x alloys at the N-rich end of the phase diagram have been grown by metal-organic vapor phase epitaxy ͑MOVPE͒ and by molecular beam epitaxy ͑MBE͒ ͑see references in Ref. 5͒. For both techniques, it is difficult to obtain a high concentration of As in the alloy before phase separation occurs. The highest concentrations reported in MOVPE layers is x ϳ 0.06 ͑Refs. 3 and 6 and in MBE layers is x ϳ 0.01. 7 We have recently investigated the growth of GaN 1−x As x alloys by plasma-assisted molecular beam epitaxy ͑PA-MBE͒. 8 We have succeeded in achieving GaN 1−x As x alloys over a large composition range by growing the films much below the normal GaN growth temperatures. We found that alloys with a high As content x Ͼ 0.1 are amorphous. Optical absorption measurements reveal a continuous gradual decrease in band gap from ϳ3.4 to ϳ1.4 eV with increasing As content. We have suggested that the amorphous GaN 1−x As x alloys have short-range ordering that resembles random crystalline GaN 1−x As x alloys. 8 These GaN 1−x As x alloys cover the whole composition range and can be used not only for photoanodes applications in PEC cells for hydrogen production, but also have technological potential for many optical devices operating from the ultraviolet ͑ϳ0.4 m͒ to the infrared ͑2 m͒, including low cost solar cell applications. The amorphous nature of the GaNAs alloys is particularly advantageous since low cost substrates such as glass can be potentially used for solar cell fabrication.
The aims of the current research were to study the transition from crystalline to amorphous phase in the GaN 1−x As x alloys, to study the possibility of the growth of amorphous GaN 1−x As x alloys on low cost glass substrates, and to comprehensively analyze the properties of these new amorphous GaN 1−x As x alloys.
II. EXPERIMENT
GaNAs samples were grown on 2 inch sapphire ͑0001͒ substrates by PA-MBE in a MOD-GENII system. The system has an HD-25 Oxford Applied Research rf activated plasma source to provide active nitrogen and elemental Ga is used as the group III source. In all experiments we have used arsenic in the form of As 2 produced by the Veeco arsenic valved cracker.
The MBE system is equipped with reflection high energy electron diffraction ͑RHEED͒ for surface reconstruction analysis. For the growth of all GaNAs samples, we have used the same active N flux ͓total N beam equivalent pressure ͑BEP͒ ϳ1.5ϫ 10 −5 Torr͔ and the same deposition time of 2 h. In order to study the possibility of the growth of amorphous GaNAs alloys on low cost substrates, we have also used standard microscope glass slides ͑76ϫ 26ϫ 1 mm 3 ͒ as a substrate material.
Note that in MBE the substrate temperature is normally measured using an optical pyrometer. However, because we have used uncoated transparent sapphire or transparent glass, the pyrometer measures the temperature of the substrate heater. Therefore in this study we used our estimates for the growth temperature based on the thermocouple readings. 8 We have used a wide range in situ and ex situ characterization techniques to study the surface morphology, composition, structural, electrical, and optical properties of GaN 1−x As x layers. The morphology of the samples was studied in situ using RHEED and ex situ using atomic force microscopy ͑AFM͒. The structure and orientation of the Ga-NAs layers was studied by x-ray diffraction ͑XRD͒ using the Philips X'Pert Multi Purpose Diffractometer. 8 Microstructural information on the GaNAs alloys was obtained using transmission electron microscopy ͑TEM͒ techniques. Cross-sectional TEM specimens were prepared using standard mechanical grinding and dimpling techniques. A JEOL 3010 with 300 keV accelerating voltage and a resolution of 2.4 Å, JEOL CM300 with subangstrom resolution and Philips Tecnai microscope for Z-contrast high resolution studies were used. Microscopic crystallinity and phase separation were studied by directly comparing the selective area electron diffraction ͑SAED͒ patterns with XRD measurements.
The As content in the GaNAs films was determined by combined Rutherford backscattering spectrometry ͑RBS͒ and particle-induced x-ray emission ͑PIXE͒ measurements using a 2 MeV 4 He + beam. Note that the As composition measured by RBS/PIXE is the overall As content in the films but not necessarily As substituting the N sublattice. The thickness of the films was also measured by RBS and is in the range of 200-1000 nm. The optical properties of the GaN 1−x As x layers were studied by reflection and absorption measurements in the wavelength range of 200-3000 nm.
The conduction and valence band movements as a function of As incorporation were investigated by the combination of soft x-ray emission ͑SXE͒ spectroscopy and x-ray absorption spectroscopy ͑XAS͒ that are sensitive to the partial density of states of the valence band and conduction band, respectively. 9 In this work, the nitrogen K edge ͑around 409.9 eV͒ was investigated at room temperature at the Advanced Light Source on beam line 8.0.1. XAS was detected by the total fluorescence detection mode with an energy resolution of about 0.2 eV, and SXE was measured using the Tennessee/Tulane grating spectrometer with a total energy resolution of 0.6 eV. SXE energies were aligned to XAS using elastic emission as a marker for the excitation energy. X-ray intensity ͑I 0 ͒ was measured using a copper grid. XES spectra were normalized to GaN valence band maximum ͑VBM͒ intensity.
III. RESULTS AND DISCUSSION
We have grown a set of GaNAs samples on 2 inch sapphire substrates in a wide range of growth temperatures from ϳ600 to ϳ100°C. For the growth of GaNAs layers, we used an As 2 flux with a BEP ϳ7 10 −6 Torr, which is significantly higher than the Ga flux to produce a high As overpressure. All layers were grown under N-rich conditions. The thickness of the GaNAs layers increases with decreasing growth temperature, from ϳ200 to ϳ800 nm. We have single crystal GaNAs layers for the high growth temperatures as confirmed by in situ RHEED during growth and XRD studies after growth. This is evident from the XRD pattern of the GaNAs film grown at ϳ600°C ͓Fig. 1͑a͔͒ showing both the 0002 diffraction peak of GaN doped with As at 2 ϳ 35°and peaks from the sapphire substrate.
GaNAs layers grown at low temperatures are amorphous. With decreasing growth temperature the intensity of the 0002 GaNAs diffraction peak decreases and this peak disappears when the layer becomes amorphous, as shown in Fig. 1͑b͒ . However, we want to point out that the presence of small clusters of crystalline regions ͑a few nanometer in size͒ that are below the detection limit of XRD cannot be ruled out. AFM studies show that the surface of low temperature grown amorphous GaNAs samples are extremely smooth with a rms roughness as low as ϳ0.2 nm.
RBS/PIXE measurements estimate that the As concentration in GaNAs layers gradually increases from a few percent in crystalline materials grown at ϳ500-600°C to Ͼ15% for amorphous films grown at Ͻ400°C. Thin films with an As content as high as 70% were grown at the lowest growth temperature of ϳ100°C. The As concentrations in the Ga-NAs layers have been recently confirmed by electron probe microanalyses ͑EPMAs͒ studies. EPMA measurements in cross-sectional view also reveal that the composition in the film is uniform in the growth direction within 10%. These results will be published separately.
SAED patterns of GaNAs with increasing As content ͑decreasing growth temperature͒ shown in Fig. 2͑a͒ clearly demonstrate that alloys with an As content higher than 17% are amorphous. Figure 2͑b͒ shows a typical cross-sectional TEM micrograph of an amorphous film ͑x ϳ 0.45; T g ϳ 210°C͒ that confirms that the film is uniform and smooth. The high resolution micrograph shown in the inset further confirms the amorphous nature of the film with no observable composition segregation.
Optical absorption and reflection measurements show a progressive shift of the optical band gap to lower energy with decreasing growth temperature. The square of the absorption coefficient ␣ 2 versus photon energy for GaN 1−x As x films grown at different temperatures and As 2 flux are shown in Fig. 3 . The direct band gap of the alloy can be estimated by extrapolating the linear part of the absorption edge down to the energy axis. The overall alloy compositions measured by RBS/PIXE are also given for all layers. Figure 3 shows the samples grown in the temperature range of 100-600°C with an As 2 flux BEP ϳ7 ϫ 10 −6 Torr. Layers with x Ͻ 0.17 are crystalline and with x Ͼ 0.17 are amorphous. Despite the fact that GaNAs layers with x Ͼ 0.17 are amorphous, the energy gap decreases monotonically with increasing As content as the growth temperature decreases.
Soft XAS and soft SXE spectroscopy studies have allowed us to study the position of the conduction and valence bands for GaN 1−x As x films with the different As contents. The details of these studies will be presented separately. Figure 4 shows a summary for XAS and SXE studies for a set of the GaNAs samples grown at different temperatures. Despite the fact that some of the GaNAs layers are amorphous, we have observed a monotonic decrease in the band gap of GaN 1−x As x alloys with increasing As concentration. We observed from Fig. 4 that the conduction band moves down and valence band moves up as As composition increases in amorphous GaNAs alloys. Figure 5 presents the optical band gap of the GaN 1−x As x films as a function of the overall As content measured by RBS/PIXE. In this figure we have included both crystalline and amorphous films grown under all different growth conditions, both current results and results obtained by us in other sets of GaNAs samples. 8 Despite the fact that the samples with high As content x Ͼ 0.17 are amorphous, we observe a gradual continuous decrease in band gap from ϳ3.4 to ϳ1.0 eV with increasing As content. The energy gap reaches its minimum of ϳ0.8 eV at x ϳ 0.8. Our experimental data from amorphous GaN 1−x As x follow the dependence predicted by the BAC model rather well. Given the fact that the calculated band gap in BAC model is an interpolation of results from very dilute crystalline GaNAs and GaAsN alloys, the agreement is remarkable. However, our measured band gap of amorphous GaN 1−x As x with 0.3Ͻ x Ͻ 0.8 are larger than that predicted by BAC.
The above results show that amorphous GaNAs alloys may be a good material basis for low cost solar cells. Therefore, we have attempted to grow them on low cost glass substrates. We have used standard microscope glass slides. We have mounted them in the 1 4 inch Veeco holder designed for 1 4 of 2 inch wafers. The MBE growth conditions were the same as for the growth on 2 inch sapphire presented above, except we have concentrated only on low growth temperatures to avoid cracking the glass. We were able to grow a set of GaNAs layers at different growth temperatures on these simple glass substrates. In situ RHEED and ex situ XRD measurements on films grown on glass with compositions in the range of x = 0.2-0.55 confirm that all these film are amorphous. Figure 6 shows a comparison of the absorption data from two samples with comparable composition ͑x ϳ 0.38͒ deposited on glass and sapphire. Despite an accuracy of ϳ10% in the composition measurements, the optical absorption edges of these two samples are almost identical. This demonstrates the similarity of the electronic structure of the films grown on glass and sapphire substrates.
IV. SUMMARY AND CONCLUSIONS
We have succeeded in growing GaN 1−x As x alloys over a large composition range ͑0 Ͻ x Ͻ 0.8͒ by plasma-assisted MBE. The enhanced incorporation of As was achieved by growing the films with high As 2 flux at low ͑as low as 100°C͒ growth temperatures, which is much below the normal GaN growth temperature range. Using x ray and TEM we found that the GaNAs alloys with high As content x Ͼ 0.17 are amorphous. Optical absorption measurements together with XAS and SXE results reveal a continuous gradual decrease in band gap from ϳ3.4 to Ͻ1.0 eV with increasing As content. The energy gap reaches its minimum of ϳ0.8 eV at x ϳ 0.8. The composition dependence of the band gap of the crystalline GaN 1−x As x alloys follows the prediction of the BAC model. However, our measured band gap of amorphous GaN 1−x As x with 0.3Ͻ x Ͻ 0.8 is larger than that predicted by BAC. The results seem to indicate that for this composition range the amorphous GaN 1−x As x alloys have short-range ordering that resembles random crystalline GaN 1−x As x alloys. We have demonstrated possibility of the growth of amorphous GaN 1−x As x layers with variable As content on glass substrates. The large band gap range of the amorphous phase of GaNAs covers much of the solar spectrum and therefore, in addition to the ideal photoelectrode application for N-rich alloys, this material system is a good candidate for full spectrum multijunction solar cells. The amorphous nature of the GaNAs alloys is particularly advantageous since low cost substrates such as glass can be used for solar cell fabrication.
